Uncertainties in lung motion prediction relying on external surrogate: a 4DCT study in regular vs. irregular breathers www.tcrt.org This paper examines the uncertainty in estimating lung motion from external surrogates for lung cancer patients with regular and irregular breathing. 4DCT data sets were analyzed using a template matching algorithm to track the spatial movement of vessel bifurcations in 12 patients. The detected internal movement of features in 3D was retrospectively synchronized with the RPM surrogate signal, and the correlation index R 2 and the prediction error were computed. Patients were classified into two groups depending on the presence or not of irregularities in their breathing pattern. Peak-to-peak values of feature motion in the SI direction ranged from 0.8 mm (upper lung) to 25.3 mm (lower lung). Some patients exhibited large motion also in the latero-lateral (10.6 mm) and anterior-posterior (12.2 mm) directions.
Introduction
The importance of respiratory organ motion has become increasingly recognized in external-beam radiation therapy. Guidelines for management of respiratory motion are outlined in the report of AAPM task group 76 (1), which recommends intervention in the case motion exceeds 5 mm. For tumors with large motion amplitudes, treatment strategies such as enlarged treatment margins, breathhold, or respiratory-gated treatment should be considered, and simulation images should be acquired to evaluate the extent of motion.
The most common time-resolved imaging modality is 4-dimensional computer tomography (4DCT), which captures intra-fraction organ motion relative to an external respiratory surrogate (2). In this imaging modality, multiple images are acquired during the respiratory cycle and retrospectively sorted into volumetric image sets corresponding to different breathing phases (3) (4) . Once the images are tagged according to the breathing phase, they are used to create coherent volumes. Hence, 4D data can be analyzed to determine the mean tumor position, tumor Technology in Cancer Research & Treatment, Volume 9, Number 3, June 2010 range of motion for treatment planning, relation of tumor trajectory to other organs, and dosimetric consequences of respiration. A variety of respiratory surrogates have been proposed, such as the measurement of pulmonary volume by spirometry (5), diaphragm motion monitored by ultrasound (6), and optical tracking by means of a TV camera (7) .
The same surrogate can be also used during therapy for the synchronization of dose delivery in respiratory gating treatments. However, one limitation of 4DCT is that it is affected by variations in respiratory patterns during acquisition (8) . As a consequence, the slice re-binning suffers from inaccuracies in respiratory phase detection that cause artifacts in the resorted volumes. Several solutions have been proposed to minimize this problem (10-12). A second issue arises in the correlation between respiratory surrogate and tumor/organ motion on which respiratory gated techniques rely. In fact, when the respiratory surrogate is monitored during the treatment, inadequate external/ internal correlation may affect the effectiveness of high precision irradiation.
The relation between the motion of internal and external anatomy must be known to exploit the benefits of image-guided radiation therapy (IGRT) techniques. Most of literature about this topic is based on data acquired by using fluoroscopic imaging (13) (14) (15) (16) (17) . Although these studies sufficiently characterize the tumor motion and the quality of external/ internal correlation, fluoroscopic imaging is not a protocol widely spread into the clinical practice. Furthermore, the monitoring of the tumor position in fluoroscopic images may require the implantation of seeds, which represents a serious hazard for lung patients.
The usage of images as 4D-CT, that are routinely acquired for planning gated radiotherapy, can be considered more appropriate and less invasive to understand internal/external motion relation and to measure the error in predicting internal changes based on external surrogate, especially when irregularities in breathing signal are involved. In 2004, Mageras et al., (18) demonstrated the use of time-resolved CT to extract the correlation between diaphragm motion and Gross Target Volume (GTV) in the Superior-Inferior (SI) direction. More recently, other groups focused their studies on measuring the relation between the surrogate signal and an internal region of interest (ROI) in lung patients (19), or implanted clips in liver patients (20) .
In this work, we propose the usage of un-binned images to obtain an exact synchronization between the external surrogate signal and the CT image slices. The principal purposes of the study are:
To compare patients exhibiting regular vs. irregular • breathing in terms of linear correlation between the vertical movement of the RPM block and the and internal movements of vessel bifurcations; To measure the prediction error of internal motion based • on external signal; To understand whether irregular breathing patients are/are • not good candidates for gated radiotherapy, by quantifying the error of internal motion prediction.
Materials and Methods
The 4D-CT data of a group of 14 lung patients (pt) were used in this work. The study was performed retrospectively Patient data and imaging parameters used in this study. Tcine and Time between CP (Couch Positions) represent the X-ray on and the X-ray off time intervals, respectively, and they were averaged on the total number of couch positions (Ncp) ± standard deviation (std). N is the number of slice chunks acquired during Tcine. Mid-scan time is the time interval between two sampled images. LL, AP, and SI represent the image resolution along the Latero-Lateral, Antero-Posterior and Superior-Inferior directions, correspondingly. under expedited IRB protocol #2006-P-002374/1. Images were acquired on a 4-slice scanner (LightSpeed QX/i, GE Medical Systems, Milwaukee, WI) operating in axial cine-mode. Patients' breathing signal was provided by the Real-time Position Management system (RPM, Varian ® Medical System, Palo Alto CA), in which a single surface surrogate (infra-red marker block) is tracked in realtime with a video camera positioned at the foot of the CT couch. The RPM block was placed onto the abdominal surface of the patient. According to protocol in use at our Institute, described in detail in Rietzel et al., (4) , a predetermined number (N) of 4-slice chunks (Ch i , with i=1…N) were acquired at each couch position (CP). Images were reconstructed from 360° projections, which require either 0.8 or 1.0 seconds to acquire (T r ). For analysis purposes, we assume that the acquisition occurs instantaneously at A dedicated algorithm was implemented to analyze data in terms of the motion amplitude and the Spearman correlation index R 2 (21) of the linear fitting over the patient population.
In order to measure the prediction error of the internal motion based on the external RPM signal, a leave-one-out cross validation was implemented. For each vessel bifurcation, we estimated M linear prediction models by excluding 1 data point (the test point) at a time. The y-distance of the test point from the linear model was computed for each prediction. The root mean square error across the M y-distances was assumed as the overall prediction error as a function of the external surrogates.
the mid-scan time, half way through the full tube rotation.
The cine duration at a single couch position (T cine ) was set on the basis of the observed subject's breathing period plus the time required for a tube rotation (see Table I ).
Within a single couch position, images are reconstructed at fixed intervals, according to the time between successive mid-scan times (∆Midscan). These parameters, N, T cine , T r and ∆Midscan vary from subject to subject according to the following equation:
The acquisition of projections at each CP starts independently of the current respiratory state (see Figure 1) , and therefore no correspondence exists between Ch i at different couch positions.
At each couch position, the coverage in superior-inferior (SI) direction was 1 cm (2.5 mm thickness per 4 slices). The resolution both in latero-lateral (LL) and anterior-posterior (AP) directions ranged from 0.76 mm to 0.98 mm detailed in table 1.
The time stamp (midscan time) of each un-binned image was synchronized over time with the respiratory signal acquired by the RPM system (see Figure 1 ). Anatomical landmarks in both lungs (such as vessel bifurcations, see Figure 2 ) were selected in 4D-CT images cine-data, and correlated with the respiratory signal. An automatic procedure for feature tracking in 4D-CT was developed in Matlab environment (MatLab ® version 7.4, the Math-Works, Natick, MA).
Feature tracking was based on a 2-D template matching image processing technique. Through a dedicated graphic interface (see Figure 2 ) the user defined:
The reference slice were the desired feature is selected; •
The number of couch positions to include in the searching • volume.
The template was defined as a matrix of 62 × 62 pixels centered on the point selected on the reference slice. The feature position over different chunks and adjacent couch positions was obtained by maximizing the template-current slice cross-correlation. To increase the resolution along the SI direction, a 2 nd -order spline, interpolating the best score values in the 4 slices of each chunk, was computed. An example of the interpolation procedure is shown in Figure  3 . The SI-location of the feature is selected according to the maximum of the interpolant function.
For each patient, 12 pulmonary bifurcations (six in the right lung and six in the left lung) were considered. These points through a cluster analysis on the basis of R1, R2 and R2/ R1 values.
These results were supported by non parametric statistical analysis, the Friedman test, computed using the software Statistica 6.0 (StatSoft Inc, Tulsa OK, USA).
Results
In Figure 4 , the results of the spectral analysis are shown.
In panel A the ratio R2 is plotted against R1; patients with RB are marked with a circle and patients with IB are marked Patients exhibiting regular breathing (RB) were distinguished from those showing irregular breathing (IB). The distinction between these two patient classes was made by analysing the power spectral density of the normalized-RPM (between 0 and 1) signal using the Welch method (22). The spectral density from 0 to 1 Hz was considered as associated with breathing phenomena (23-24) and marked with R1. A sub-region of R1, R2, indicated only the fundamental patient breathing frequency that was previously estimated to define the T cine . R2 was set with a ± 0.3Hz bandwidth to account for inaccuracies in the breathing period estimation. Patients were grouped into two sets 12 mm, in lower lung. The correlation between prediction error and range of motion is displayed in Figure 5 . Although a good linear relation cannot be demonstrated (R 2 is 0.51, 0.57 and 0.52 for LL, AP and SI directions respectively), the increasing trend of prediction error as a function of range of motion is evident (p value < 0.001).
Discussion and Conclusions
In this work, we present a method to study the relation between the external surface movement and internal feature motion using 4D-CT cine images. The main purpose was to quantify the prediction error in patients exhibiting regular breathing vs. irregular breathing. We used unsorted images from 4D-CT to avoid errors in phase detection due to irregular breathing. This also allowed us to obtain accurate synchronization between the RPM surrogate signal and the CT images. For the same reason, we decided to track discrete points instead of a 3-D region of interest.
If an ROI is included in multiple couch positions, it cannot be easily correlated with the RPM signal as it crosses the couch image set boundaries. Because projections acquisition required from 0.4 to 0.5 seconds per each slice, we assumed the midscan time as the sample time for image acquisition. This can lead to some inaccuracies in feature location when range of motion is large: for instance, for 25 mm range of motion, feature can move about 2-3 mm for a patient with a 6 seconds breathing period. Spline interpolation reduced this error since it interpolates between contiguous slices where feature shadows, due to reconstruction inaccuracies, can be visible. A linear relationship between external motion and internal movements was on the basis of our analysis. Although it is reasonable that a non-linear model better represents this relationship, the linear relation was assumed as a good trade off between accuracy in modeling external/internal motion and risk to fail, as suggested in Seppenwoolde et al., (25) .
Our internal-external correlation results were presented in terms of R 2 index and prediction error. For a robust computation of the prediction error, the leave-one-out method was chosen, thus considering also the worst case on the linear with an X. On the basis of k-means cluster analysis, patients with R1 < 70% of R2 were classified as IB patient. As an example, the power spectral density of a RB patient (#1) and of a IB patient (#7) are shown in panel B and the respective respiratory waveforms in panel C.
In Table II , the correlation index R 2 (95% interval confidence) between the external and the internal motion in each direction is shown. Statistical differences between IB and RB patients (Friedman test, p < 10 -4 ) were found for all 3 coordinate axes. Figures indicate that the highest correlation is obtained in the SI direction for RB patients, being the median ± quartile-range 0.90 ± 0.11 (vs. 0.80 ± 0.18 of IB. group). In the other directions a large correlation (considering R 2 > 0.80) was found only in few cases.
Tables III reports values of the prediction error (PE) in RB and IB patients. Maximum prediction error values were found in the SI direction of IB patients (about 4.9 mm in lower lung).
However, no statistical differences were seen between RB and IB groups in any direction for the prediction error. We then investigated the relation between the size of the prediction error and the range of motion. Detailed results on motion amplitude are shown in table IV. The largest internal feature motion was found in the SI direction, 24.2 mm and 25.3 mm in right and left lung respectively. One subject (pt 3) also exhibited large movement in LL direction, being 12.6 mm in the right lower lung and 7.1 mm in the left lower lung. Two patients (#2 and #12) had large motion in AP direction, about underline that the entire breathing cycle was considered for classification, while only few breathing cycles (between two and six, depending on the number of couch position crossed by the feature movement) were taken into account in R 2 and PE computation. Therefore, some patients that are generally considered IB might be might locally belonging to RB group, which is a limitation of using cine-mode CT.
Our results showed that R 2 is statistically higher for patients who exhibit regular breathing. The most highly correlated fitting. To understand if breathing irregularities can influence the quality of correlation and the size of the prediction error, patients were classified in two groups by analyzing the frequencies displayed in the spectrum of RPM signal. In this analysis, frequencies higher than 1 Hz were discarded since the range associated with breathing phenomena and its irregularities is in the bandwidth of 0.15-0.6 Hz (23); in addition, Gilbert et al., (24) assessed at 0.93 Hz the maximum value of breathing frequency for pathological subjects with obstructive and restrictive diseases. We would like to The bifurcation was visible in three couch positions: in the 1 st CP it was found in chunks 3÷8; in the 2 nd CP in chunks 2, 5÷10; in the 3 rd CP in chunks 5÷8. The total peak-to-peak motion was 25.33 mm (highest found value) The location of the feature along SI direction (y-axis) is plotted against RPM amplitude on. In this plot, we can see how at the interface between 1 st and 2 nd CP the motion is forced to be included into the first slice of 2 nd CP (chunks 6÷9). No adequate interpolation between consecutive CP was applicable to smooth the motion trajectory. In panel B the synchronization of the RPM respiratory trace (blue-line) with the image acquisition time (dark points) is shown, and the internal trajectories plotted. The red line shows the x-ray on/off signal for the CT scanner. Again, it is visible how chunks 6÷8 do not follow the RPM amplitude profile due to lack of information at the CP boundary. internal movement with the RPM signal is along SI direction. Low correlation in the other directions is primarily caused by the small range of motion. On the basis of these results, the following observations can be formulated: 1) Compared to results obtained in fluoro-based studies (13-17), a better correlation for the SI direction might be expected in the lower lung; 2) High R 2 values were obtained when the feature trajectory was contained within a single couch position (usually in the upper lung, where the range of motion is smaller).
To understand the reason of these conclusions, we must underline that when a feature moves across more than 1 CP, the lack of information at the CP interface reduces the quality of the correlation. An example is shown in Figure 6 , where a bifurcation near to diaphragm was tracked over 3 couch positions. Spline interpolation between slice 1 and slice 2 in the first CP can be used to improve the SI estimate of the bifurcation position, and yields a smooth internal trajectory which matches the external RPM signal (see panel B). However, the feature location cannot be interpolated at the chunk boundary of the second CP, which reduces the correlation at chunks 6-7-8-9.
Results on prediction error indicate a quite good estimation of internal position through external monitoring when considering short time windows. No global statistical differences were found between RB and IB in PE patients. This is in part due to the fact that range of motion for IBs was on average smaller than for RBs. Figure 5 shows direct relation between motion amplitude and PE. Binning results into 2 groups as a function of motion amplitude for each direction (0-3.5 mm and 3.5-7 mm for LL; 0-5 mm and 5-10 mm for AP; 0-10 mm and 10-20 mm for SI) we found small statistical differences only in the second group of each direction (p value = 0.008, p value = 0.022, p value = 0.028 for LL, AP and SI respectively). Since current guidelines (1) indicate motion compensation is needed when range of motion is larger than 5 mm, our results support the conclusion that IB patients are less favorable candidates for gated radiotherapy.
